The observations that form the substance of this report deal with circumstances associated with the transfer of oxygen across the haemochorial placenta of the rabbit. They were made in an effort to expand our knowledge of the comparative physiology of the exchange of the respiratory gases between mother and fetus with particular reference to the effects upon this exchange wrought by variations in placental structure, such as the number of tissue layers that separate the fetal and maternal plasmas through which the respiratory gases must diffuse. In the mature placenta at the end of gestation the number of these tissue layers is said to vary from one to six depending upon the animal groups under consideration.4 According to Grosser's classification there are six in the horse and pig, five in ungulates, sheep, and goats, four in the dog and cat, three in the human and the rabbit, though at the very end of the gestation period there is, in some parts of the rabbit placenta, but one separating layer. ' As a first approach to this broader problem, a study was made of the transfer of oxygen across the five-layered-syndesmochorial-placenta of the sheep.2"' The results indicate that there is an oxygen pressure gradient of about 40 mm. Hg between the maternal and fetal plasmas which is maintained relatively constant over the greater part of the gestation period (56-137 days; full term circa 145 days). As the oxygen pressure in the blood returning to the placenta via the umbilical artery appears to range between 10 and 20 mm. Hg, the minimum unloading pressure in the uterine vein must vary between 50 and 60 mm. Hg-a pressure range at which the maternal blood of the sheep is 60% to 70% saturated with oxygen. Maintenance of this steep gradient across the five-layered placenta limits the * Professor of Physiology.
fraction of the total oxygen brought to the placenta by the mlaternial blood that can reach the fetus.
The experimletnts described here were carried out in an effort to obtain comparable informiiationi about conditions in the rabbit that wvotild permit an assessmlent of the linitationis put upoIn the oxygen transfer by the thiinner placenita. In the earlier studies on the placental transfer of oxygen in the slheep, the oxygen pressure as estimated by relating the percentage saturation of the hemiioglobin in a given 1lood sample to an appropriate dissociation curve Nas used to express the force driving the oxygen across the placenital harrier, as if that barrier wvvere comparable to the pulmonary epitheliumii and the oxygen moving froml a gas phase into solution in a liquid. In poinlt of fact, when two liquid phases are involved, as in the miovemiient of oxygen froml the plasma across the capillary wall into the tissue fluid (or as in the placenta or across the tissue capillaries of the brain, mluscle, etc.), it is the difference in the concentrations of the oxygen molecules, i.e., the difference in the number of oxygen molecules in a given volumiie on either side of the barrier across wvhich the net transfer of oxygen is taking place, that is related to the effective force. Accordingly, we have expressed the values for the oxygen content of our plasma samples in this study in termis of its concentration. Since the concentration of oxygen, CO-, in plasmiia at 380 C. can be expressed by the equationi e°0' a 1p02 wzhere a is the solubility coefficient at that temperature and ,O, the oxygen pressure in a gaseous phase wvith which the plasma of whole blood would be in equilibriunm, the units of pressure on the abscissa of the oxygen dissociation curve of whole blood-as usually drawn (Figs. 1, 2, and 3)-can be converted for our purpose to concentration (millimols per liter) by miultiplying theml by a or 0.00135; the points on the abscissa then represent the oxygen concentration in the plasma with which the hemoglobin in the corpuscles is in equilibrium at varied percentage saturations and are to that extent a more accurate representation of facts that are implied wNhen the gas pressure is plotted on the abscissa. Moreover, the representation is one that perimiits the ready estimation of the oxygen concentration in the plasma of any blood sample by the reference of the percentage saturation of its hemoglobin to an appropriately constructed dissociation curve and it is, accordingly, most useful for our purpose. For comparison we have presented the dissociation curves we obtained with pressure plotted on the lower abscissa (Figs. 1, 2, 3 ). For the estinmation and illustration of concentration gradients Figure 4 is drawn with concentration on the lower abscissa. Oxygen dissociation curve of the pooled blood of a litter of 25-day rabbit fetuses. The individual points represent the degree of saturation at specific oxygen pressure of samples of pooled blood of litters of ages that are indicated in the key. The two broken curves limit the area in which the points obtained with blood of adultspregnant and nonpregnant-fall.
FIG. 2. The oxygen dissociation curve is drawn through points obtained with pooled bloods of litters 27 days' gestation age. As indicated in the key the other points were obtained with bloods from litters of 26 days. The broken curves limit the adult fields as in Figure 1 . In the rabbit' as in the sheep' the fetal and maternal bloods flow through the placenta in more or less parallel capillary systems in opposite directions, that is to say, the blood leaving the placenta via the umbilical vein is approaching equilibrium with that entering in the maternal artery and the blood entering the uterine veins from the placenta with that in the umbilical artery. Accordingly, the difference in the oxygen concentration in the plasmas at the arterial end of the placenta was estimated by subtracting the value for the blood of the umbilical vein from that for the blood in the uterine artery, the difference at the venous end by subtracting the plasma concentration in the umbilical artery from that of the uterine vein. These differences are expressed in terms of pressure to permit them to be compared with data already in the literature, and in concentrations for the reasons outlined above. The average difference in plasma oxygen concentration between the maternal and fetal bloods-that uniform concentration difference which would result in the transfer of the same quantity of oxygen between the maternal and fetal capillary beds per unit time as is transferred by the va-rying concentrations that exist along their length-was estimated by first determining the average pressure gradient as was done in the case of the sheep,' for the larger values of pressure are more convenient to work with than those of concentration. The concentration gradient was then obtained by multiplying the pressure number by a, whose value is 0.00135 millimols of oxygen per liter per mm. Hg for plasma at 380 C.
MATERIALS AND METHODS
The does for these experiments were large New Zealand Whites purchased from Mr. D. A. Whetstone of West Haven, Connecticut, who provided their breeding dates as well; without his interest and assistance this important information would have been difficult to obtain. The animals were anesthetized with intravenous Nembutal-0.5 cc. per kilo.
The blood for the oxygen dissociation curves of the normal rabbits was drawn, after they had been anesthetized, from the femoral artery into a syringe containing an oxalate-fluoride mixture; the final volume was adjusted to contain nine parts of blood and one part of that mixture. Where necessary, the results were corrected for dilution. The dissociation curves of the bloods of the pregnant does were prepared with blood similarly drawn from the aorta after blood had been obtained from the fetuses. The blood for the fetal dissociation curves was drawn from the umbilical vein into 2 or 3 cc. tuberculin-type syringes whose walls had previously been moistened with a neutral heparin-fluoride solution that was driven out through the needle-usually of 24 or 27 gauge. The samples were pooled for the construction of the curves.
The oxygen dissociation curves of the blood of the adults were prepared after the manner described earlier for the sheep's blood,2 but the volume of blood available for the construction of the fetal curves was too small to be so treated. Hence we fashioned an inner cylinder that fit inside the large tonometers. The narrow neck of this cylinder passed through the stopper closing the end of the tonometer. This narrow neck was in turn closed with a small rubber stopper. After the gas mixture in the tonometer had been prepared in the usual manner-by evacuation and replacement-the blood was introduced into (and later withdrawn from) the inner cylinder by means of a hypodermic needle thrust through the smaller stopper. The pH of the bloods was determined with the glass electrode before their equilibration and the carbon dioxide content of the gas mixture was so adjusted that except where noted the bloods were at equilibrium pH 7.4 + 0.01. These determinations made at room temperature were corrected to 380 C. using Rosenthal's factor. 7 The blood used in the estimation of the percentage saturation and the oxygen concentrations of the bloods entering and leaving the fetal and maternal sides of the placenta were drawn in circumstances in which special precautions were taken to ensure that the samples as they were drawn were representative of normal conditions in uttero. The pregnant does were anesthetized with Nembutal; the animal was then so placed that the abdomen was fully immersed in a large bath containing Ringer's solution held at 40°C. by means of a thermoregulator and heater. The Ringer's was gently agitated by bubbling air through it. When the uterus was delivered after laparotomy into the Ringer's, its musculature was quite inactive, and the color of the blood in the uterine vessels did not alter visibly during the course of the experiment. The sample of maternal venous blood was drawn from one of the conveniently oriented uterine veins draining the horn containing the fetus to be studied. The fetal vessels were then exposed by a small incision at right angles to the long axis of the uterus and just above the umbilicus. The fetus was not removed from the uterus; the membranes covering the placenta were cleared away and the branching umbilical vessels were traced to its surface. A favorably situated tributary of the umbilical vein was selected and 0.3-0.4 cc. was withdrawn via a no. 27 needle into a tuberculin-type syringe whose walls had been moistened with a heparin-fluoride solution. Next, a sample of approximately the same size was similarly withdrawn from one of the umbilical arteries. Particular attention was paid to the color of the placental vessels as the samples were drawn; if any change in color was noted, the samples were discarded. Samples were drawn from but one fetus in each litter. These rather rigid standards reduced the number of samples available for analysis, but their adoption appeared to be essential to insure the representative character of the samples drawn. The last maternal sample was drawn from the central artery of the ear.
After the samples were drawn, the syringes containing them were capped and put into an ice water bath. The oxygen contents and capacities of the samples were determined by Mason's method5 for small samples with this modification, the samples were transferred directly from the syringe to the measuring pipette.
The oxygen concentrations in the fetal blood samples were estimated by referring the percentage saturation of each one to a dissociation curve prepared at pH 7.4 ± 0.01 from the pooled blood of a litter of the same age (see Fig. 4 ). Any possible difference in pH was neglected. The saturations of the maternal samples were similarly referred to curves prepared at pH 7.4 + 0.01 with blood taken from the aorta at the end of the experiments.
Oxygen. dissociation cturves of miaternal and fetal blood. The oxygen dissociation curves of maternal and fetal blood prepared at pH 7.4 ± 0.01 with blood drawn from the aortae of ten female rabbits that were not pregnant and had not recently been so fell when plotted within the area limited by the broken lines, so indicated in Figure 1 . The points on the dissociation curves similarly prepared with bloods from 23 pregnant does sacrificed at stages in gestation from the 24th to the 30th day post-insemination fell within this same area, whereas the points that form the bases for the fetal curves tend to lie to the left of it (Figs. 1-3) .
The three points determined with the blood of a 24-day litter-see Figure  1 -indicate that the oxygen dissociation curve tends to be hyperbolic at this age; the blood attains a saturation of 97%7o at an oxygen pressure of only 46 mm. Hg. With advancing fetal age the curve becomes progressively less hyperbolic and more sigmoidal until at term-30 days-the individual points that describe the curve are distributed along or in the left margin of the area that embraces the adult curves. This gradual change in the character of the dissociation curve and in the affinity of the fetal blood for oxygen is well illustrated by the decrease in the degree of saturation when equilibrated with an oxygen pressure of 40 mm. Hg as gestation advances. At 24 days the blood is circa 95%o saturated; at 26 days the saturation has fallen to 88%o at that pressure, and by the 28th day to about 76%. The saturation of the blood of the adult females ranges between 58% and 68% when the oxygen pressure in the tonometer is 40 mm. Hg and the pH 7.4 ± 0.01.
The variability in the distribution of the points obtained, using bloods from different litters of the same age, is illustrated in Figures 1, 2 , and 3. The range of variation was rather less than had been expected; the points obtained with different bloods and oxygen pressures may be combined to form a curve with a degree of deviation not much greater than would result from the use of points obtained from a single individual. The variations in individual development within a litter which must surely exist appear to have cancelled each other out. This limited range in the variability of the degree of saturation obtained when pooled bloods of litters of the same age were exposed to the same oxygen pressure encouraged us to use the composite fetal curves in the estimation of the oxygen concentrations-as reflected by the percentage saturation-in the small samples that might be drawn from the umbilical vessels of individuals of other litters of the same age. The errors so introduced did not appear to be any greater than those inherent in the sampling of the blood in these vessels. In the estimation of the oxygen concentrations in the bloods from the umbilical vessels of fetuses 30 days' gestation age, we used curves prepared with the pooled blood from the litter mates drawn after the umbilical samples.
Oxygen concentration gradient between mnaternal and fetal bloods. Estimation of the oxygen concentrations in the fetal and maternal bloods entering and leaving the placenta were made on five individuals. One was 27 days' gestation age, another 28; two were 29-day fetuses and one a 30-day fetus. In each case the oxygen content of the sample as drawn was determined together with the oxygen capacity; these two values were used to calculate the degree of saturation. Thus the oxygen content of the blood drawn from the umbilical vein of the fetus 27 days old was 10.4 volumes per cent and the oxygen capacity 12.4; the saturation was 10.4/12.4 or 84.2%. Reference to the composite dissociation curves for bloods from 27-day litters indicates that an oxygen pressure of 39 mm. Hg is required to produce that saturation; thus, the O2 concentration in the plasma of the vessel from which the sample was drawn was that concentration which would exist in a plasma equilibrated with an atmosphere containing O2 at a pressure of 39 mm. Hg, or an oxygen concentration of 39 x 0.0013-0.0526 millimoles/liter. The oxygen plasma concentration in each blood sample was similarly estimated; the values are presented in Table 1 .
As the blood leaving the placenta via the umbilical vein is last in opposition to the maternal stream entering via the uterine artery, the O2 concentration gradient between the arterialized bloods-fetal and maternal -can be estimated by subtracting the 02 plasma concentration of the umbilical vein sample from that of the uterine artery. Similarly, the concentration gradient at the venous ends of the placental capillaries, where the blood leaving the placenta by the tributaries of the uterine vein is opposed by fetal blood from the umbilical artery, is represented by the plasma oxygen concentration difference between the former and the latter. The results of these estimations are also given in Table 1 The average plasma oxygen concentration gradient along the two sets of placental capillaries has been estimated in each one of the five cases. The average pressure difference, as estimated by the method mentioned earlier,' ranged between 8 and 14 mm. Hg; accordingly the average concentration difference ranged between 0.011 and 0.019 millimoles/liter. The individual values for both average oxygen pressure and the oxygen plasma concentration gradient found in each case are listed in Table 1 The fact should be recognized that the concentration gradient itself represents a difference between two quantities, each of which is the result of a steady state, for it will be apparent that the average concentration of the oxygen in the fetal plasma of the placental capillaries will increase as the rate of blood flow through them and the umbilical vessels slows, other factors remaining the same. This rise in concentration would result in a decrease in the concentration gradient of the physically dissolved oxygen. Accordingly, the rates of uterine and umbilical blood flow are factors with effects on oxygen transfer that manifest themselves through alterations in the concentration gradient. Finally, the fact must be recognized that in any multilayered barrier the different layers may be acting as limiting factors for different reasons-one layer may present the smallest surface area and another a low solubility.
In the sheep, for example, an increase in the surface area, A, across which diffusion takes place would serve to increase the quantity transferred in unit time though the other factors, the concentration gradient C, D, the diffusion distance, and K remain unaltered. And some such change must occur as the oxygen requirements of the fetal lamb increase in utero with advancing age for the oxygen concentration gradient remains relatively stable during the last two-thirds of the gestation period. That the change may be one in surface area is suggested by the fact that the volume of blood in the fetal side of the placenta increases steadily until around 110 days' gestation age; thereafter as the volume of blood in the fetal placental vessels -the size of the fetal vascular bed-and the 02 concentration gradient remain relatively unchanged, it would appear that the increasing demands of the fetus are met by changes in D, the intercapillary distance, or in K.
So, too, in the rabbit the small difference in the concentration of the physically dissolved oxygen, AC, on the two sides of the placenta may be associated with a small diffusion distance D, but it may as well be related to the presence of a large surface area across which diffusion may take placelarge, that is, relative to the oxygen requirements of the fetus.
The next step in this study of the placental exchange of the respiratory gases should be an estimation of the surface area, A, available for diffusion per unit weight of fetus in these different placental types.
SUMMARY
Oxygen dissociation curves were prepared with the fetal and maternal bloods of pregnant rabbits in the last week of gestation and used together with the degrees of saturation of the hemoglobin in the bloods from the four placental vessels-uterine artery, uterine vein, umbilical artery, umbilical vein-to estimate the oxygen concentration gradient across the placenta. The data indicate that the difference in the plasma oxygen concentration on the two sides of the placental barrier is circa 0.013 millimols per liter.
